ABSTRACT: Nitric oxide (NO) plays an important role in lowering pulmonary vascular resistance after birth. However, in persistent pulmonary hypertension of the newborn (PPHN) NO-mediated dilation is dysfunctional. GTP-cyclohydrolase 1 (GTP-CH1) is the ratelimiting enzyme for the biosynthesis of 6, 7, ) an essential cofactor for nitric oxide synthase (NOS) activity. Suboptimal levels of BH 4 may result in NOS uncoupling and the subsequent generation of harmful superoxide anions. We therefore investigated the functional effects of supplementing BH 4 and/or a superoxide dismutase mimetic (MnTMPyP) in porcine intrapulmonary arteries from normal animals and from a porcine model of PPHN. We investigated whether any functional effects of BH 4 could be explained by changes in GTP-CH1 expression. Supplementation of BH 4 significantly improved endotheliumdependent relaxations in arteries from 3-and 14-d-old healthy animals, whereas no effect was seen in vessels from younger animals and adults. GTP-CH1 protein expression was lowest at 3 and 14 d, suggesting a rate limitation of BH 4 at this time. BH 4 supplementation alone did not improve the relaxant response to acetylcholine in arteries obtained in a porcine model of PPHN. Furthermore, GTP-CH1 protein expression was normal for age. However, co-treatment with both BH 4 and MnTMPyP restored endothelial function. GTP-CH1 is developmentally regulated in the pulmonary vasculature of neonates and this results in a functionally significant limitation of BH 4 . Although GTP-CH-1/BH 4 levels alone do not explain the profound endothelial dysfunction seen in PPHN, increasing NO bioavailability by supplementing BH 4 and quenching superoxide may prove to be therapeutically beneficial. (Pediatr Res 59: 767-772, 2006) P ulmonary vascular resistance falls rapidly after birth as the pulmonary vasculature adapts to extrauterine life. Structural remodeling and the maturation of relaxant mechanisms are triggered by factors related to parturition and inhalation of oxygen (1,2), and failure of these processes leads to PPHN (3).
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The vascular endothelium plays an important role in regulating vascular smooth muscle tone via the release of several vasoactive products, one of which is nitric oxide (NO) (4) produced from L-arginine and oxygen by nitric oxide synthase (NOS). There is increasing evidence that the NO pathway is dysfunctional in PPHN, and treatment of neonates suffering from PPHN with inhaled NO has potential therapeutic benefits. However, the regulation of NO generation during normal adaptation and the mechanisms underlying maladaptation are unclear, particularly as NOS seems to be present but its activity and functional effects are reduced (5) . NO generation can be limited by a deficiency of the essential NOS cofactor, BH 4 . Suboptimal levels of BH 4 may result in NOS uncoupling and the subsequent generation of O 2 Ϫ (6,7). The activity of the enzyme GTP-CH1 is rate limiting for the generation of BH 4 (8) , and, recently, we and others demonstrated that adult mice deficient in GTP-CH1 have a pulmonary hypertensive phenotype (9, 10) . The aim of the current study was to investigate whether the GTP-CH1/BH 4 pathway is developmentally regulated in the perinatal pulmonary vasculature and whether this pathway is dysfunctional in PPHN.
MATERIALS AND METHODS
Acquisition of tissue samples. Porcine lungs were obtained from Large White piglets, and the following age groups were studied: newborn, 12-24 h, 3 d, 14 d, and adult (n Ն 4 per age group). To induce PPHN, naturally delivered newborn piglets were placed in a hypobaric chamber maintained at 50.8 kPa for 3 d within 20 min after birth. The chamber, maintained at 29°C, contained a heating lamp and straw bedding, and piglets were gavage fed on modified cow's milk during this time (4 ϫ 30 min feeds per day). After 3 d in the chamber, piglets were killed. Piglets placed in a hypobaric chamber develop pulmonary hypertension and characteristically have an arterial oxygen saturation of 71 Ϯ 5% and right ventricular hypertrophy compared with age matched controls (11) . Piglets removed from their mother and reared under the same conditions (but not exposed to hypobaric hypoxia) were used as controls. The weight ratio of right ventricle to left ventricle plus septum was determined in each animal.
All animals were killed with an overdose of pentobarbitone (100 mg/kg), with the exception of adult pigs (killed at the abattoir by captive bolt). All heart-lung blocks were removed immediately after death and immersed in chilled Krebs-Henseleit solution (119 mM NaCl, 4.7 mM KCl, 25 mM NaHCO 3 , 1.2 mM MgSO 4 ; 1.2 mM KH 2 PO 4 and 11 mM glucose plus 2.5 mM CaCl 2 ) until subsequent use. All animal studies were carried out in compliance with the Animal Procedures Act 1986 under a Home Office License.
Functional measurement of pulmonary vascular reactivity in response to exogenous BH 4 supplementation. Axial intrapulmonary arteries were dissected from one upper lobe per animal and cleaned of excess connective tissue; care was taken to maintain an intact endothelial layer. Vessels were set up for standard organ chamber pharmacology as previously described (12) . Vessels were incubated for 30 min with either the BH 4 precursor sepiapterin (30 M) (Schircks Laboratories, Jona, Switzerland), the SOD mimetic MnTMPyP (10 M) (Calbiochem, San Diego, CA), sepiapterin plus MnTMPyP, or Krebs Henseleit alone (vehicle) and contracted with the thromboxane analogue, U46619 (EC80) (Sigma Chemical Co., St. Louis, MO). Although it may be possible that MnTMPyP acts differently than native SOD, MnTMPyP was chosen for this study due to its cell permeability. Initial studies showed that sepiapterin/MnTMPyP administration had no effect on the response to U46619 when compared with control tissue (data not shown). Once a plateau in the contraction to U46619 had been reached, a concentration response curve to acetylcholine (ACh) was constructed (1 nM-0.3 mM) after which vessels were washed for 10 -15 min and allowed to return to baseline. Vessels were then reincubated for 30 min with sepiapterin (30 M) and/or MnTMPyP (10 M) or Krebs Henseleit and recontracted with U46619 (EC80) and a concentration response curve to the NO donor, sodium nitroprusside (SNP, 1 nM-3 M) constructed. Finally, 10 M papaverine was added to all vessels to allow the tissue to relax fully.
A selection of vessels were fixed after organ chamber experimentation and embedded in paraffin wax, and 4-m sections cut. The presence of an intact endothelial layer confirmed using a hematoxylin and eosin stain.
Measurement of GTP-CH1 and eNOS protein expression in lung homogenates. The cardiac lobes from porcine lungs were snap frozen immediately after euthanasia. The lobes were homogenized in Tris buffer (500 mM, pH 7.5) containing protease inhibitors (Roche Molecular Biochemicals, Mannheim, Germany), 0.1M EDTA, and 0.1 mM EGTA. Samples were separated into soluble and particulate fractions as described previously (5) and the protein concentrations in each fraction determined using a standard Bradford protein assay (Bio-Rad, Hemel Hempstead, UK). Levels of GTP-CH1 or eNOS protein were measured in soluble and particulate fractions, respectively, by standard Western blotting. Briefly, protein samples (80 g/well) were resolved by electrophoresis through 12% SDS-PAGE gels for GTP-CH1 and 8% SDS-PAGE gels for eNOS, electroblotted onto PVDF membranes that were subsequently probed with a 1:1000 dilution of a polyclonal primary GTP-CH1 antipeptide antibody (raised against amino acids 17-45, Sigma Chemical Co.) or a 1:1000 dilution of eNOS antibody (Santa Cruz Biotechnologies, Santa Cruz, CA) in PBS with 1% Tween (PBST) followed by a 1:3000 dilution of secondary anti-rabbit horseradish peroxidase-conjugated antibody in PBST (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, UK; Santa Cruz Biotechnologies). Signals were developed using ECL reagents (Amersham Pharmacia Biotech) and quantified by densitometry.
Localization of GTP-CH1 in the lung. Standard immunohistochemical staining techniques (13) were performed on 10-m serial sections cut from frozen blocks of porcine cardiac lobe, with the following modifications: sections were blocked with avidin and biotin for 10 min each and a protein blocker (DAKO, Bucks, UK) for 30 min at room temperature (RT) and sections incubated overnight at 4°C with the GTP-CH1 antipeptide antibody diluted 1:250 in PBS containing 4% normal swine serum. This was followed by four washes in PBS and a 30-min incubation with biotinylated swine anti-rabbit secondary antibody 1:300 (DAKO). Positive immunoreactivity was demonstrated using avidin-biotinylated horseradish peroxidase (Amersham Pharmacia Biotech) and diaminobenzidine (Sigma Chemical Co.). Negative controls were treated in the same way except the primary GTP-CH1 antibody was omitted.
Data analysis. Relaxation to ACh or SNP is expressed as percentage decreases in tension from the maximum contraction induced by U46619 to the maximum relaxation induced by papaverine. Concentration response curves were compared with two-way ANOVA with Bonferroni post hoc test. All other statistical analysis was carried out using ANOVA or t test where appropriate.
RESULTS
Contractile and relaxant effects in normal porcine pulmonary arteries. Initial studies showed that preincubation with the NOS inhibitor N -nitro-L-arginine (L-NAME, 1 mM) abolished ACh-mediated relaxations in porcine pulmonary arteries (data not shown), demonstrating that ACh-mediated relaxations were NOS dependent.
Functional studies performed on conduit pulmonary arteries obtained from healthy pigs revealed an age-dependent increase in endothelium-dependent relaxations to ACh [ Fig. 1a (ii)] with no significant differences in the response to SNP (Fig. 1b) .
ACh responses were significantly higher in 3-and 14-d-old and adult animals compared with the newborn and 12-24 h age groups and correlated with the expression of eNOS protein [ Fig. 1a(i) ].
In vitro effects of sepiapterin during normal development. U46619 caused a sustained and stable contractile response in all vessels that was unaltered by incubation with sepiapterin and/or MnTMPyP. Sepiapterin had no effect on the maximum endothelium-dependent relaxations to ACh in newborn, 12-24 h, and adult vessels, but at 3 and 14 d of age, sepiapterin significantly enhanced the maximum endothelium dependent relaxations to ACh (Fig. 2a) , the same temporal pattern was observed in vessels incubated with MnTMPyP alone (Fig. 2b) . In view of these findings, a further study was conducted to investigate the effects of co-incubating sepiapterin (30 M) and the superoxide dismutase mimetic MnTMPyP (10 M) to determine whether the effects of sepiapterin could be enhanced. There was no statistically significant difference in the maximum response to ACh between vessels treated with either sepiapterin alone or those co-incubated with both sepiapterin and MnTMPyP (Fig. 2, c and d) . Endotheliumindependent relaxations to SNP were unaffected by either sepiapterin and/or MnTMPyP (Fig. 2e) .
In vitro effects of sepiapterin in pulmonary hypertensive piglets. The weight ratios of the right ventricle to left ventricle ϩ septum were higher in piglets exposed to 3 d of hypobaric hypoxia when compared with age-matched controls and were similar to those in newborn animals (Fig. 3a) , confirming the presence of pulmonary hypertension.
In the 3-d-old piglets with pulmonary hypertension, relaxation to ACh was absent, consistent with published findings (12) , and addition of sepiapterin or MnTMPyP alone did not improve relaxation (Fig. 3b) . However, co-incubation of sepiapterin and MnTMPyP significantly improved endotheliumdependent relaxation (Fig. 3b) . Endothelium-independent relaxation to SNP was normal and did not differ from that seen in the 3-d-old normoxic animals (Fig. 3c) . Tissue obtained from piglets reared in the same way as pulmonary hypertensive piglets (with the exception of hypobaric hypoxia) responded in the same way as a 3-d-old normal control animal (data not shown), demonstrating that the functional effects observed in the 3-d-old pulmonary hypertensive piglets were due to hypobaric hypoxic exposure alone and not as a result of the changed diet or stress caused by separation from the mother. Hematoxylin and eosin staining of a selection of rings after experimentation revealed the presence of an intact endothelial layer in these vessels indistinguishable from that seen in age-matched controls, suggesting the lack of relaxation to ACh was not due to endothelial damage incurred during experimentation (Fig. 3d) .
GTP-CH1 protein expression during normal development. An antipeptide antibody raised against a human GTP-CH1 peptide sequence detected a band of the expected size (28 -30 kD) in the soluble lung homogenates from all groups studied [ Fig. 4a(i and ii) ]. GTP-CH1 expression was high in newborn animals and in 12-24 h age groups significantly lower at 3 and 14 d of age, with an increased level of expression in the adult [Fig. 4a) . By expressing the effect of sepiapterin on the 
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ACh-mediated relaxation as a percentage enhancement of relaxation over vehicle, it can be seen that where sepiapterin has an effect, GTP-CH1 protein is lowest, suggesting that GTP-CH1 expression might be limiting for BH 4 availability at 3 and 14 d of age (Fig. 4b) .
GTP-CH1 protein expression in pulmonary hypertensive piglets. A comparison of the GTP-CH1 protein expression between 3-d-old pulmonary hypertensive and 3-d-old normal piglets showed that there was no significant difference between the two groups (Fig. 5, i and ii) .
Localization of GTP-Ch1. Immunohistochemical staining using the GTP-CH1 antipeptide antibody revealed that GTP-CH1 was localized to the endothelial cells of conduit pulmonary arteries, veins, airway epithelium, and nerves (Fig. 6 ). This distribution was unchanged with age or with pulmonary hypertension.
DISCUSSION
We have demonstrated that endothelium-dependent relaxations of porcine conduit pulmonary arteries are low immediately after birth and increase thereafter, reaching a peak in the first 2 wk of life. These findings are consistent with previous observations (12,14) . The new findings in this study are that expression of GTP-CH1 in the lungs changes significantly in the first few days of life and that supplementation with sepiapterin enhances endothelium-dependent relaxation, suggesting that a functional deficit of BH 4 limits endotheliumdependent responses. Although we did not find an improvement of endothelium-dependent relaxations with sepiapterin alone in our model of pulmonary hypertension, the combination of sepiapterin together with a SOD mimetic enhanced relaxation. These findings support recent observations in mice that GTP-CH1 deficiency can cause pulmonary hypertension, are consistent with the finding that increased O 2 Ϫ contributes to the effects of GTP-CH1 deficiency (10), and identify significant early developmental changes in GTP-CH1 expression.
Normal development. Sepiapterin and/or MnTMPyP had no effect on endothelium-dependent relaxations in newborn, 12-to 24-h-old, and adult porcine pulmonary arteries yet significantly improved relaxations in pulmonary arteries from 3-and 14-d-old pigs. The endothelium-independent relaxations to SNP remained unchanged in all groups, confirming that the effects of sepiapterin were endothelium dependent. These functional findings imply that BH 4 becomes rate limiting for NO generation at 3 and 14 d but is not rate limiting in newborn and 12-24 h or adult age groups. Interestingly, at the time GTP-CH1 expression decreases dramatically (d 3) from the high levels at birth, eNOS expression and activity have already increased from the low levels seen at birth. The results suggest that this temporary mismatch between GTP-CH1 and NOS expression levels results in a functional deficit of BH 4 . The lack of ACh relaxation in the newborn age groups may possibly occur as a result of low basal generation of NO coupled with an excess of vasoconstrictors as contractions to U46619 have been shown to be higher in these age groups (12) .
The finding that MnTMPyP also improves endotheliumdependent relaxation in these vessels and that the effects of sepiapterin and MnTMPyP are not additive is consistent with enhanced O 2 Ϫ generation, contributing to the effects of BH 4 deficiency. Indeed, in isolated enzyme systems, BH 4 -deficient NOS may generate O 2 Ϫ . It is also possible that there are changes in endogenous SOD levels during development, and these may also contribute the effects we observe with MnTMPyP.
One limitation of this study was that GTP-CH1 protein was measured in whole lung homogenates rather than in isolated intrapulmonary arteries. However, immunohistochemistry confirmed that GTP-CH1 protein was present in the endothelial cell layer of large pulmonary arteries and in nerves, and this pattern appeared unchanged with age. Furthermore, there was a clear relationship between the GTP-CH1 expression in total lung homogenate and the relaxant response to supplemented BH 4 , and, together, these changes are consistent with a change in BH 4 in the vessel. It is not clear why GTP-CH1 expression should alter so markedly in the first few days of life, but one explanation may be the existence of three putative shear stress response elements in the GTP-CH1 promoter sequence. It is possible that the sudden increase in shear stress in the pulmonary vasculature during parturition induces GTP-CH1 expression and the subsequent decrease in this expression at days 3 and 14 may result from a reduction in shear stress following the natural adaptation to air breathing. Further studies would be needed to test this and other explanations are possible. It would also be interesting to know whether developmental changes in GTP-CH1 are also seen in other tissues.
Pulmonary hypertension. Alterations in NO signaling have been shown to contribute to or be associated with the development of pulmonary hypertension in a number of different models (15) (16) (17) (18) , and mice deficient in BH 4 have a pulmonary hypertensive phenotype (9,10). As GTP-CH1 expression was low and BH 4 supplementation improved relaxation in 3-d-old healthy animals, we investigated whether loss of GTP-CH1/ BH 4 may contribute to the very impaired endotheliumdependent relaxation seen in our 3-d-old model of PPHN.
Endothelium-dependent relaxations to ACh in pulmonary arteries from the 3-d-old PPHN model were absent, whereas endothelium-independent relaxations to SNP remained intact, consistent with previous findings (12) . The absence of any beneficial effect of sepiapterin in pulmonary hypertension has been demonstrated previously (19) . However, this study demonstrated that combined treatment with sepiapterin and the superoxide dismutase mimetic MnTMPyP improves endothelium-dependent relaxations in this pulmonary hypertensive model. It is interesting that, whereas sepiapterin alone enhances endothelium-dependent relaxation in normal vessels at this stage, in the pulmonary hypertensive vessels addition of the superoxide dismutase mimetic (MnTMPyP) was also required. This is consistent with the critical importance of O 2 Ϫ identified in the pulmonary hypertension seen in the GTP-CH1-deficient mouse (10) . GTP-CH1 overexpression results in elevated basal BH 4 levels and reduced O 2 Ϫ and protects against hypoxia-induced pulmonary hypertension. Conversely, BH 4 -deficient mice have increased O 2 Ϫ generation and a pulmonary hypertensive phenotype under normoxic conditions (10) . In the present study, we have demonstrated that supplementation of BH 4 and simultaneous quenching of O 2 Ϫ restores endothelial function in animals with PPHN. Currently, it is not clear why O 2 Ϫ becomes such an important determinant of responses to BH 4 deficiency in pulmonary hypertensive animals but not normal animals. It is of course likely that other NO-independent factor are also involved in the pathogenesis of pulmonary hypertension (20) .
In summary, marked developmental regulation of GTP-CH1 occurs during the perinatal period in the porcine lung, resulting in a functionally significant limitation of BH 4 for vascular relaxation. Although, in this model of PPHN, the expression levels of GTP-CH1 change in a similar way to the changes seen in a normal animal, it is clear that the functional BH 4 deficiency coupled with increased O 2 Ϫ generation contributes to the absent endothelium-dependent relaxations. GTP-CH1 is emerging as a critical regulator of pulmonary vascular tone.
